A facile electrochemical approach for the synthesis of graphene is developed by highly effective electron transfer from electron-rich heteropoly blue to graphene oxide. Reduced graphene oxide immobilized on a glassy carbon electrode (GCE) shows more positive potential for hydrogen evolution owing to the presence of the polyoxometalate electrocatalyst.
Graphene, a monolayer graphite sheet, has stimulated the research interest of the scientific community in the last ten years due to its various potential applications in nanoelectronics, 1 biosensors, 2 supercapacitors 3 and nanocomposite materials. 4 Rapid development in synthesis technologies enriches the preparation of graphene by mechanical or chemical exfoliation, 5 epitaxial growth on metal surfaces, 6 chemical 7 or thermal reduction, 8 template-directed method, 9 photocatalytic reduction 10 and electrochemical reduction of graphene oxide (GO). 11 Among these methods, the electrochemical reduction of exfoliated GO is a green and facile method which has been desirably adopted by many researchers to prepare graphene. Moreover, the electrontransfer pathway and the electron-transfer rate between the electrode and the active species determine the efficiency of electrochemical reduction of GO to reduced graphene oxide (RGO). In recently published results, a necessary low cathodic potential (À1.2 to À1.5 V vs. Ag/AgCl) was applied to ensure the full reduction of GO on a glassy carbon electrode surface.
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The main reason is low effective electron transfer between the glassy carbon electrode and the GO species. Hence, incorporation of an electrocatalyst into the GO electrochemical reduction system may be considered to accelerate electron transfer across the electrode/GO interface so that the reduction potential of GO can shift to more positive values in terms of energy conservation for bulk production. Polyoxometalates (POMs) are well-organized metal-oxygen clusters which are water soluble and exhibit a great diversity of sizes, nuclearities and shapes. 16 Most importantly, POMs can be reduced reversibly without any structural change and can often be utilized as electron-transfer mediating catalysts in many redox reactions. 17 Upon a series of one/two-electron reduction processes, 1A ) was produced after a period of twenty minutes, whose corresponding UV-vis absorption spectrum was measured as curve c in Fig. 1A . Actually, the color of the blue solution also gradually disappeared due to the presence of oxygen molecules in solution without GO addition. But the oxidation of NaP 5 W 30 heteropoly blue by O 2 was a very slow process, its absorbance decreased by one-third after half an hour, as shown in curve d in Fig. 1A . In contrast to the fade process of blank NaP 5 W 30 heteropoly blue solution (circle symbols in Fig. 1B) , the decolor rate of blue NaP 5 W 30 is doubled with the help of GO (square symbols in Fig. 1B) . Simultaneously, some dark suspended solids appeared in the decolored solution of NaP 5 W 30 , which were the reduced product of GO. The facts prove that electrons can be quickly transferred from heteropoly blue to GO. X-ray diffraction (XRD) results of the reduced products prove that the reduced GO is mixed with unreduced GO species (Fig. S1 , ESI †). This indicates that such a method in which electrons are prestored in heteropoly blue, easily causes the incomplete and heterogeneous reduction of GO. On one hand, it is difficult to control the number of electrons stored in heteropoly blue and the number of electrons needed by the reduction of GO during the preparation and reduction procedure. On the other hand, the above uncertainty easily induces the partial electron transfer between heteropoly blue molecules and GO species. Another method (Method II) was an instant reduction of GO by electrochemically scanning the mixture of NaP 5 W 30 and GO solution. Three redox peak pairs were observable between 0 and À0.6 V in Fig. 2 , which corresponded to two reduction steps of four electrons each at À0.35 V and À0.48 V and one additional multi-electron step at À0.65 V in NaP 5 W 30 . 21 With the increase of CV cycles, the redox current of all peaks gradually enhanced. The reason is proposed that consecutive electron transfer from heteropoly blue species of NaP 5 W 30 to GO triggered by electrochemical reduction cycles accelerates the formation of RGO. Enrichment of more and more RGO around the electrode surface enhances the electrochemical signal of NaP 5 W 30 by providing a fast path for electron migration. Therefore, reduction of GO happened at a higher cathodic potential of À0.75 V with the help of heteropoly blue species, than the applied potentials reported elsewhere. [11] [12] [13] [14] [15] Essentially, NaP 5 W 30 acted as a stable electrocatalyst for the reduction of GO, which received electrons from electrodes and then endowed GO enough electrons for its reduction. Photographs provided us with direct information about the reduction of GO (Fig. S2, ESI †) . The mixture solution of NaP 5 W 30 and GO was uniform and pale yellow (photo A in Fig. S2 , ESI †). After two hundred CV cycles, the electron-rich blue solution became colorless and some suspended solids appeared (photo B in Fig. S2 , ESI †). The black suspended solids deposited on the bottom of container overnight (photo C in Fig. S2 , ESI †). The deposits were separated, washed and dried by a series of procedures. More importantly, the remaining filtrate can be reused for the electrocatalytic reduction of a new batch of GO, showing a green and economic process. The reduced products of GO were characterized by atomic force microscopy (AFM), XRD, X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. Fig. S3 (ESI †) shows the AFM images of GO and RGO, where sheet structures are clearly visible. From the height profiles, the GO sheets measure about 1.2 nm in thickness. Values on the order of 0.9-1.3 nm are regarded as typical of single-sheet GO. The thickness of 1.5-2.0 nm for the RGO sheets is larger than the reported apparent thickness of single-sheet graphene and its roughness is greater than that of GO sheets. This is possibly attributed to the adsorption of NaP 5 W 30 molecules on the RGO sheet surface during the electrocatalytic process. The result from XPS also confirms the existence of trace NaP 5 W 30 in RGO (Fig. S4, ESI †) . Moreover, the presence (Fig. S5 , ESI †). Results from XRD indicate the formation of RGO, where a broad peak around 241 appeared instead of a sharp peak for GO sheets (Fig. S6 , ESI †). XPS was also employed to confirm reduction of GO by comparing the amounts of epoxide and hydroxyl groups before and after electrochemical reduction. Four types of C 1s are present in the precursor GO (Fig. 3a) , containing 3.5% of O-CQO centered around 288.9 eV, 3.4% of CQO centered around 288.0 eV, 39.4% of C-O centered around 286.8 eV and 53.7% of sp 2 C-C centered around 284.8 eV. After reduction, the content of sp 2 C-C increased to 83.6% while a total of only 16.4% oxygenated carbon remained in RGO in Fig. 3b . This deoxygenation efficiency was similar to the value of RGO obtained at À1.1 V. 15 Clearly, electron transfer from NaP 5 W 30 heteropoly blue to GO for the reduction of GO was very effective by the electrochemical method. In addition, two strong peaks corresponding to a D peak at 1350 cm À1 and a G peak at 1595 cm À1 were observed in the Raman spectra of both GO sample (Fig. 3c ) and RGO sample (Fig. 3d) . Moreover, the D/G intensity ratio of RGO was larger than that of GO, suggesting an increased number of smaller RGO domains upon reduction of GO. In other words, GO has been reduced to RGO by the electrocatalytic role of NaP 5 W 30 . Although a trace of NaP 5 W 30 is present in RGO sheets after electrochemical reduction reaction, to some degree, RGO is actually endowed with electrocatalytic activity in electrochemical applications. Noble metal loaded graphene is generally utilized to electrocatalyze the hydrogen evolution reaction (HER), 22 but there is no reported example of electrocatalytic HER by POM loaded RGO. In this case, the electrocatalytic activity of RGO immobilized GCE towards HER was investigated. As shown in Fig. 4a , HER occurs on bare GCE from the potential of À0.8 V in 0.5 mol L À1 H 2 SO 4 aqueous solution. When RGO obtained by our method is immobilized on GCE, the reduction peak of H + in 0.5 mol L À1 H 2 SO 4 aqueous solution is obviously shifted to a more positive potential (onset potential is À0.43 V) accompanied by largely enhanced current (Fig. 4c) . For comparison, RGO prepared by electrochemical reduction at À1.5 V 13 (ERGO) without any electrocatalysts was also modified on GCE and it displayed a slightly lower reduction potential (Fig. 4b) In summary, two facile strategies are proposed to investigate the electron transfer from heteropoly blue to graphene oxide for the synthesis of graphene. The method of prestoring electrons in NaP 5 W 30 clusters in the form of heteropoly blue causes loweffective and heterogeneous reduction of graphene oxide. Another method of instantly transferring electrons from NaP 5 W 30 heteropoly blue to graphene oxide can realize high-effective reduction of graphene oxide. By highly effective electron transfer from electronrich heteropoly blue to graphene oxide, the reduction potential of GO shows a positive shift of nearly 750 mV, suggesting NaP 5 W 30 acts as a stable electrocatalyst for the reduction of GO. The resultant RGO modified GCE electrode shows more positive potential for hydrogen evolution owing to the presence of the polyoxometalate electrocatalyst. Future prospects of this work are suggested by us from the following points: (1) the wheelshaped polyoxometalates containing catalytic active metal atoms can be considered to electrocatalytically reduce GO for further oxygen reduction application, (2) Ru-containing polyoxometalate is chosen to prepare RGO-POM nanocomposites by electrochemical reduction for efficient water oxidation and (3) different polymolybdic POM electrocatalysts can be trialed due to the positive reduction potential.
Experimental
Preparation of NaP 5 electrode and a Pt wire auxiliary electrode were immersed into the electrolyte solution. HCl and 20 mmol L À1 NaCl, was mixed with 0.05 mg mL À1 GO dispersion. The mixture was used to fill an electrochemical cell and purged with nitrogen for 30 min. A GCE working electrode with a diameter of 3 mm, an Ag/AgCl reference electrode and a Pt wire auxiliary electrode were immersed into the electrolyte solution. CVs were carried out in the potential range of 0.1 V to À0.75 V at a scan rate of 20 mV s À1 for 40 cycles with consecutive magnetic stirring. Reduction of GO proceeded with CV scanning and the reduced product RGO appeared at the bottom of the electrochemical cell after a period of deposition.
Separation of RGO
After the mixture of NaP 5 W 30 and GO aqueous solution was electrochemically scanned for the required cycles, the composite solution was left for 24 h to deposit black RGO. By centrifugation at 5000 rpm, the black deposits were separated. The RGO was washed with deionized water several times and dried in vacuum to give black solids.
Modification of RGO on GCE for catalyzing hydrogen evolution reaction
To prepare RGO modified electrodes, 0.5 mg of RGO was dispersed into 1 mL water to give homogeneous suspension upon bath ultrasonication. A 5 mL sample of the suspension was dip-coated onto a GCE surface and dried at ambient temperature for 24 h to give a RGO immobilized GCE.
